The energy consumption for aquaculture in Vietnam, especially shrimp farming industry, has continued rising considerably in recent years due to the expand of shrimp production to meet food demand. Most of energy demand at shrimp farms is consumed by aeration system which uses electric motors to drive aerators for improving dissolved oxygen in ponds. In addition, the intensive energy consumption from electric motors for aeration and pumping systems leads to high operation cost and associated greenhouse gas emissions. Although many improvements have been done for the design and operation of aerators and even renewable energy resources have been applied, mechanical aerators still consume high power with low oxygen transfer from air. Therefore, this paper proposes an optimal design for advanced aeration system in which the electrolyzer powered by renewable energy might produce onsite pure oxygen according to the changes of dissolved oxygen level in shrimp ponds. The optimal results obtained from the elitist genetic optimization algorithm with life cycle cost and CO 2 emission as objective functions conducted in off-grid and on-grid modes are compared with mechanical aeration system powered by national grid. The comparison in terms of life cycle cost and CO 2 emission results that the hybrid system supplied by wind and photovoltaic power with national grid as backup represents the best configuration for the investigated shrimp farm because it not only provides better competitiveness for life cycle cost and low gas emission but also procures revenue at the end of the project lifetime.
I. INTRODUCTION
The global aquaculture production has been continuing to rise significantly to meet the nutritious demand of the world, being estimated to witness a growth around 4% in 2019 [1] . The aquaculture sector is the vital sources of food security, protein, and economic driver for the world today. Amongst common seafood products, shrimp is considered to be one of the commercial commodities worldwide. Moreover, the farmed shrimp production around the globe reached about 4 million tons in 2018, which is mainly contributed from Asia such as China, India, Vietnam, Indonesia, Thailand, Philippines, Bangladesh, and Malaysia [2] .
Vietnam is one of the major shrimp producers in the world, being ranked second in the global exporters of shrimp in 2017 and 2018, and the production continues to increase in 2019 [2] . Furthermore, in Vietnam, shrimp production in The associate editor coordinating the review of this manuscript and approving it for publication was Guangya Yang.
the Mekong Delta makes up 75% with the total shrimp farming area about 90% [3] . The shrimp production systems in Vietnam are mainly classified into small-scale producers and processing companies with the rearing method being quickly shifted from extensive shrimp aquaculture having low shrimp density to semi-intensive and intensive shrimp aquaculture with high shrimp density, which requires substantially high energy supply.
Although shrimp aquaculture sectors not only supply food but also contribute income to the farmers and their country, shrimp farming is associated with environmental issues and energy security. The main cause of environmental problems is the salination of local land [4] and the pollution of water resources [5] . Besides, the energy demand is one the major challenges of shrimp industry because most of the energy is consumed by pond aerators, which run 24 hours per day.
Shrimps reared in ponds at farms, which are totally different from shrimps living in such natural environment as sea or river, require high level of dissolved oxygen (DO) in water pond to breath when semi-intensive as well as intensive shrimp aquacultures are widely applied in farms. Dissolved oxygen in shrimp ponds, which indicates the water quality, is one of the most essential factors to sustain a healthy life for shrimps. Apart from that the water in ponds with high DO concentration is considered high quality, which is necessary for the success and development of shrimp aquaculture [6] , [7] . Hence, the supplement of DO to aquaculture ponds is acquired by aeration system.
Aeration systems employ mechanical aerators, which are driven by electric motors or internal combustion engines in remote areas where the national power grid is not available, to improve DO concentration by increasing the oxygen transfer rate from atmosphere to water at the pond surface and the circulation of available oxygen in the water over the pond bottom. Aerators are of three basic types such as splashers, bubblers, and pure oxygen contact systems [8] . Splasher aerators (vertical pump sprayers and paddlewheel aerators) and bubbler aerators (diffused-air systems and propelleraspirator-pump aerators) supply oxygen to ponds from air whilst pure oxygen contact systems release pure oxygen to cause oxygenation. Although utilizing pure oxygen instead of oxygen from air, which accounts for 21%, might save the energy supply and increase the productivity, the pure oxygen is expensive; furthermore, the extra cost is inevitable due to transporting pure oxygen from suppliers to customers, which causes associated greenhouse gas emission.
Paddlewheel aerators and propeller-aspirator-pump aerators are widely utilized for aeration systems due to high efficiency in oxygen transfer as well as water circulation [9] . Nevertheless, the operation cost due to intensive energy demand for 24-hour operation of aerators is high. Consequently, the aeration systems should be designed carefully and operated optimally in order to improve the energy management at shrimp farms. The ameliorations for aerator configurations were carried out to increase the oxygen transfer rate and energy consumption [10] . Another mechanical aerator called centrifugal water stirrer was designed, providing high DO water through the pond with higher efficiency than paddle wheel aerator [11] . Likewise, the relationship between energy requirement and oxygen transfer is executed by specifying the optimal rotation speed of paddle aerators [12] , [13] and spiral aerators in different ponds [14] . In addition, the operation methods for aerators according to required DO in ponds have been applied to optimize the efficiency of the system such as manual operation, time operation [15] or automatic and intelligent control [16] , [17] .
On the one hand, the configurations and operation for the aeration system have been studied to optimize energy consumption as well as operation cost. On the other hand, harnessing renewable energy resources instead of conventional power resources for aquaculture sectors has been becoming popular. The photovoltaic power was solely employed in [15] , [18] or combined with solar-thermal panels in [19] to cover electric and thermal load at the fish farm. Besides, one study about floating and floating-tracking PV systems for shrimp farm in Thailand has shown that such systems could produce higher electric power, which rises the reliabilities for the system and leads to a better competitiveness due to lower capacity storage systems needed [20] . Similarly, the aeration system is powered by wind energy in [21] . However, the combination between wind turbines and PV systems [22] , [23] or even power produced from fuel cell [24] has become a trend for aquaculture industry. Moreover, the utilization of regional biomass waste from shrimp aquaculture in Vietnam is converted to electricity by solid oxide fuel cell system [25] .
Although the improvements for mechanical aerators as well as the application of green energy resources for shrimp aquaculture have been carried out, the main drawbacks of mechanical aeration systems are high energy consumption and lower oxygen transfer in comparison with systems aerated by pure oxygen. Pure oxygen has been broadly applied in such industrial processes as combustion, semiconductor production, and wastewater treatment because of improving the system efficiency [26] . Nonetheless, there are few works about employing oxygen from water electrolysis for aquaculture sector [27] , [28] . Apart from that there is no previous research paper about optimal design for shrimp farm powered by renewable energy to produce onsite oxygen by electrolyzer.
Consequently, the primary of this paper is to introduce an optimal design for advanced aeration system using renewable resources to operate electrolyzer to produce pure oxygen according to the change of DO level in shrimp ponds. The elitist genetic algorithm is employed for system optimization with multi-objective functions, e.g. life cycle cost and greenhouse gas emissions in islanded operation mode and grid-connected mode. Thereafter, the optimal results from advanced aeration system in two modes are compared with mechanical aeration system driven by electric motor in terms of life cycle cost and CO 2 emission.
The rest of the paper is organized as follows. The advanced aeration system for shrimp farm powered by renewable energy and its operation are presented in Section II. The modelling of components in microgrid and control strategy for shrimp farm are described elaborately in Section III. This is followed by the proposed optimal design of hybrid system for shrimp farm by multi-objective optimization in Section IV. Section V illustrates case study in detail and discusses simulation results. Finally, the paper is summarized and draws conclusion in Section VI.
II. SYSTEM CONFIGURATION AND OPERATION
The advanced aeration system powered by renewable energy at investigated shrimp farm is illustrated in Fig. 1 . The power resources include small wind turbines, solar panels, battery bank for energy storage, and diesel generator and national grid as back-up power supply in islanded and grid-connected operation modes, respectively. The electrical power load involves base load (lighting load, water pumps, and wastewater treatment system) and alkaline electrolyzer, which produces pure oxygen conducted to micro bubble generation system before feeding shrimp ponds.
In the daytime, the energy generated by photovoltaic (PV) arrays and small wind turbines is converted to AC power. The stable power is utilized to power the base load since the water treatment system requires energy stably to supply clean water for shrimp ponds and water electrolysis. The remaining power serves the electrolyzer running 24h a day to produce oxygen in-situ. The by-product hydrogen from water electrolysis is sold to the fertilizer plants, which produce ammonia as fertilizer for local agriculture.
The oxygen flow from electrolyzer follows the pipelines at the bottom of shrimp ponds to the innovative aeration systems using micro bubble generator to create micro oxygen bubbles before being jetted into the water ponds. The microbubbles of oxygen with volume-surface mean diameter less than 50 µm are of high oxygenation efficiency with oxygen absorption efficiency above 80% [29] . Furthermore, the system employing pure oxygen instead of oxygen from air (21%) reduces the power requirements and emissions compared to conventional aeration systems because it eludes the compressing and stripping of significant volume of nitrogen.
The necessary dissolved oxygen (DO) concentration in shrimp ponds depends on the photosynthesis production, total respiration of plankton, shrimp, sediment, and other organisms in pond, and exchanges with atmosphere. During the daylight hours, the amount of oxygen produced from photosynthesis leads to low DO demand in shrimp ponds, which corresponds to low power requirement from electrolyzer. Moreover, the oxygen production rate from electrolyzer is controlled by the automatic DO control system to vary its input power ranging from 20% to 100% of its power rating to adapt the necessary DO level in ponds [30] . As a result, when the aeration system is well controlled, the surplus electricity from the system is either used to charge battery bank or sold to the national power system via point of common coupling (PCC in Fig. 1 ) following the feed-in-tariffs (FITs) policy in Vietnam [31] .
During the night time when the photosynthesis ceases due to the absence of the sunlight, the DO concentration drops dramatically because of the respiration of organisms in ponds; therefore, maintaining stable level of DO becomes really vital to prevent low-oxygen shrimp mortality. As a consequence, at night when the energy produced from wind turbines only might be not enough to power the base load as well as the electrolyzer due to high oxygen requirement, or at daytime when the power from renewable energy resources could not meet load demand of the system due to the intermittence of these resources, the power shortage of the system is inevitable. Nevertheless, in the off-grid operation mode, the shortage power is satisfied by discharging the battery; moreover, if the load demand is beyond the capacity of the battery, the diesel generator is started to compensate the energy mismatch of the system. When the system is connected to the national grid, the shortage power is purchased via the power network regardless of both battery and diesel generator.
III. MICROGRID MODEL FOR SHRIMP FARMS
The load demand at the shrimp farm is powered by renewable energy resources having intermittent nature while shrimp farms requires sufficient, stable, and secure power supply, i.e. continuous electricity without lengthy blackout. Hence, the capacity of such components in the system as wind turbines, PV arrays, battery, and electrolyzer should be designed carefully. The models for components in the system are developed for optimization simulation during the project lifetime (25 years). However, it is well known that solar irradiance and wind speed vary continuously and are sensitive to the specific topography. Therefore, the power generated by photovoltaic and wind turbine models is of variability and uncertainty, which might be considered as non-programmable for optimizing the operation of the power system [32] . Nevertheless, these power sources are of stochastic characteristic which might be modelled with a probability distribution function (PDF). In order to achieve the solar irradiance and wind speed randomly for simulation during the project lifetime, Monte Carlo simulation, which is a technique for modelling stochastic process with random variables, is utilized based on the known probability functions, i.e. Weibull probability function for wind speed and lognormal probability function for solar irradiance [33] .
A. POWER LOAD MODEL
The capacity of small wind turbines, PV panels, electrolyzer, and battery depends on the power load demand at shrimp farm, especially the total oxygen demand for shrimp ponds. In order to optimize the application of electrolyzer which is the main power load and reduce production cost for the whole system, the total oxygen demand is presented in detail.
1) DISSOLVED OXYGEN MODEL
In an aquaculture pond, dissolved oxygen (DO) concentrations are affected by photosynthesis production, total respiration, and exchanges with atmosphere. The rate of change of DO level in a pond is expressed as follows:
where dDO dt is the rate change of DO (mgL −1 h −1 ), P is the oxygen production by photosynthesis (mgL −1 h −1 ), R is the oxygen losses by respiration of pond organisms (mgL −1 h −1 ), and E is the oxygen exchange rate (mgL −1 h −1 ). The total oxygen losses due to respiration of pond organisms which is assumed constant during the day are employed to determine the power capacity of electrolyzer while the oxygen production by photosynthesis causing the fluctuation of DO in pond affects the operation of elctrolyzer. In addition, the oxygen exchange in air water column is supposed to be negligible since the wind speed at water surface of pond is negligible.
The oxygen production by photosynthesis which depends on such factors as water temperature, intensity of photosynthetically active solar radiation (PAR), and dissolved nutrient concentration is given as [34] :
where α par is the ratio of PAR to broadband solar radiation for studied region (m 2 /kW), R S is the broad band solar radiation (kW/m 2 ), T is water temperature ( • C), and Chla is the chlorophyll-a concentration (mg/L).
To characterize the power requirement of electrolyzer in shrimp ponds, the oxygen demand should be considered elaborately. The oxygen demand comprising shrimp respiration rate, water respiration rate (phytoplankton), and sediment respiration rate (decaying organic matter) is shown in the following equation [35] :
where OD is the oxygen demand (mgL −1 h −1 ), ShR is the shrimp respiration rate (mgL −1 h −1 ), WR is the water respiration rate (mgL −1 h −1 ), and SR is the sediment respiration rate (mgL −1 h −1 ). The individual shrimp's respiratory rate depending on temperature, salinity in the water pond, and wet body weight of shrimp was tabulated in [36] . The shrimp oxygen consumption rate per one cubic meter of water is determined by multiplying the individual respiration rate and the stocking density of shrimps in that volume [37] .
Under semi-intensive to intensive culture conditions, water respiration rate in brackishwater is of the average values ranging from 0.01 to 0.86 mgL −1 h −1 while the average values of pond sediment respiration rate typically range from 0.3 to 0.56 mgL −1 h −1 [35] .
The total oxygen demand for pond volume is expressed by the following equation:
where TOD is the total oxygen demand (kg/h), V is the pond volume (m 3 ), and 10 −3 is the conversion factor (kgg −1 ).
2) POWER CAPACITY OF ELECTROLYZER
The power capacity of electrolyzer is calculated according to the total oxygen demand of the pond which is converted to the oxygen production rate Q O 2 (Nm 3 /h) from electrolyzer by the following equation [38] :
where η µ is the oxygen absorption efficiency produced by micro bubble system. The electric power required for the operation of electrolyzer is expressed below [39] :
where P elz is the required power by the electrolyzer (W), U c is the actual voltage of the cell (V), N c is the number of cells in an electrolyzer's stack, I elz is the electrolyzer's current (A), and U is the voltage supplied to the electrolyzer (V).
On the one hand, the overall hydrogen rate produced from electrolyzer is given by [40] , [41] :
where Q H 2 is the hydrogen gas flow rate, η F is Faradic efficiency, n is the number of electrons transferred per hydrogen molecule (n = 2), and F is the Faraday's number (96485 C/mol).
On the other hand, in the electrolysis process, the hydrogen producing and oxygen producing rates are provided by the following equations [41] .
where J is the current density (A/cm 2 ) and A is the membrane-electrode-assembly area (cm 2 ). It can be seen from (8) and (9) that the hydrogen rate produced from electrolyzer is double the oxygen rate. As a result, the power capacity of the elctrolyzer can be computed from (5), (6), (7) , (8) , and (9) as follows:
The dissolved oxygen level in pond increases during the day since the oxygen produced from photosynthesis is higher than respiration rate. In contrast, when photosynthesis stops at night, DO declines due to the respiration of organisms in pond. According to the changes of DO in pond, the electric power acquired for electrolyzer's operation to maintain stable level of DO is also calculated by (10) .
The power load at the shrimp farms is mainly constituted by electrolyzer while the base load accounts for a small proportion.
3) POWER CAPACITY OF MECHANICAL AERATORS
The mechanical aerator is introduced to make a comparison with the advanced aeration system employing electrolyzer powered by renewable energy in terms of life cycle cost and greenhouse gas emissions during the project lifetime.
Under different operating conditions of pond, the aeration efficiency of aerators might be estimated by the following equation [42] :
where AE is the aeration efficiency of aerators (kg/kWh), SAE is standard aeration efficiency (kg/kWh), α is the ratio of mass oxygen-transfer coefficient between pond water and clean water basis, β is ratio of DO saturation concentration of pond water to DO saturation concentration of tap water, C s and C p are DO concentration at saturation and the initial DO concentration in pond water at temperature T , respectively (mg/L). The power capacity of mechanical aerator is calculated according to the values of total oxygen demand and aeration efficiency of mechanical aerators by the following expression [43] :
where P ma is electrical power requirement for aerators (kW).
B. MODEL OF PHOTOVOLTAIC (PV) PANEL
The solar radiation, which depends on the specific geographic sites, follows lognormal PDF with mean λ and standard deviation σ of the variable's natural logarithm as follows [44] :
where G is the solar radiation (W/m 2 ). The hourly output power of PV panel not only depends on solar radiation but also on ambient temperature, wind speed, and the performance of the module itself. The hourly output power of the PV system might be calculated by [45] :
where P PV is the hourly power output from the PV system (W), η PV ,STC is the efficiency of the PV module at standard test conditions (STC) (%), µ is the temperature coefficient of the output power (%/ • C), T a is the ambient temperature ( • C), T STC is the standard test conditions temperature (25 • C), ν is the wind speed (m/s), NOCT is the nominal operating cell temperature ( • C), A PV is the PV array area related to the array power peak (m 2 ), and G g is the global solar radiation on the tilted surface (W/m 2 ). The PV module (ND-AH330H) manufactured by Sharp Electronics is utilized in this paper with technical specifications being illustrated in Table 1 .
C. MODEL OF WIND TURBINE
The Weibull PDF is widely employed to express the distribution of wind speed at a particular hub height according to shape factor k and scale factor c(m/s) as [46] :
where v is the wind speed at hub height (m/s). Moreover, the Weibull shape parameter alters around the value of 2 in the investigated shrimp farm [47] . If the value of shape parameter is 2, the Weibull distribution becomes Rayleigh distribution [46] .
The actual wind turbine power output at a specific site directly correlates to the wind speed at a particular hub height and wind characteristics of the turbine. Therefore, the wind speed measured at a reference hub height should be converted to the desired hub height by using the logarithmic law as follows [46] :
where v ref is the measured wind speed at reference height (m/s), h is the hub height (m), h ref is reference height (m), and z 0 stands for the surface roughness length (m). The power output produced by wind turbine is expressed as follows [48] :
where P W is the output power of wind turbine (W), P r is the rated power of wind turbine system (W), v is actual wind velocity (m/s), v i , v r , and v o are cut-in, rated, and cut-out characteristic speed of wind power curve (m/s), respectively.
The electric power generated by wind turbine is represented as [49] :
where P WT is the electric power produced by wind turbine system (W), η g and η b are the generator efficiency and gearbox/bearings efficiency, respectively. The WES wind turbine was chosen as simulation model with specifications being shown in detail in Table 2 .
D. MODEL OF BATTERY
The difference between the generated power and load demand decides the state of charge of battery. The imbalance between the power generated by PV and wind turbines and load demand is expressed by:
where P im is the imbalance power (W), P gen is the total power generated by PV and wind turbines (W), P load is power consumption (W), and η inv is the efficiency of inverter. When the generated power is higher than the load demand, the battery is in charging state with the following formulation [50] : (20) where SOC (t) and SOC (t − 1) are the states of charge of battery bank at the time t and t −1, respectively, σ bat is hourly self-discharge rate, E bat is the battery bank capacity (Wh), and η bat denotes the efficiency of the battery bank.
In contrast, when the generated power is smaller than the load demand, the battery is in discharging state with the following formulation [50] :
The selected storage technology of battery bank for simulation is sodium sulfur (NaS). Moreover, to prevent batteries from overcharging and discharging the charging control limit and control strategy should be considered elaborately due to high replacement cost of batteries [51] , [52] . Therefore, the physical constraints should be given for the lower and upper limit as: where SOC min and SOC max are the lower and upper limits of battery bank, respectively, P ch and P dis are the charging and discharging power (W), respectively, P max ch and P max dis are the maximum charging and discharging power of battery bank, respectively. The specifications of selected battery are presented in Table 3 [53], [54] .
E. MODEL OF DIESEL GENERATOR
The diesel generator is required to provide back-up power for the autonomous system in case of power deficit. Moreover, the fuel consumption rate of diesel generator, which directly decides the amount of greenhouse gas emissions and operation cost, is written as follows [55] :
where FC DG is the fuel consumption rate of diesel generator (L/h), P rated DG and P DG are the rated and real output power of diesel generator (kW), respectively, c 1 and c 2 denote the intercept coefficient and slope of the fuel consumption curve (L/kWh). In addition, the values of c 1 and c 2 are 0.08145 L/kWh and 0.2461 L/kWh, respectively [56] .
F. HYBRID SYSTEM CONTROL STRATEGY
The control strategy for hybrid system is necessary for managing the energy exchange between power sources and power load due to the uncertain nature of renewable generation and load demand. Moreover, the control strategy prioritizes the energy generated from renewable resources or stored in battery bank to supply the demand and considers diesel generator as backup in islanded operation mode while the power deficit in grid-connected operation mode is met by the power network. At instant time, the generated power is compared with the load demand in Fig. 2 , which describes the power management of the control strategy.
If the power produced from renewable energy resources is adequate and higher than load demand, the load is served directly by solar and wind power and the surplus power is utilized to charge battery bank in off-grid mode or sold to the power grid in on-grid mode. In islanded mode, if there is excessive power after battery is fully charged, the remaining power is dumped. The dumped and sold power might be computed as:
where P d and P gs are the power dumped and sold to the grid (W), respectively. In autonomous mode, if the generated power is not adequate to cover the power load, the battery is discharged to provide enough power to the system. Besides, if the load demand is beyond the maximum power supply of battery bank after its full discharge, the power shortage is presumed to be supplied from diesel generator completely. In contrast, VOLUME 7, 2019 the amount of power shortage in on-grid mode is purchased from the power network which is assumed to have reliability of 100% and might be calculated as:
where P gp is the power purchased from the grid (W).
IV. PROPOSED OPTIMAL DESIGN OF HYBRID SYSTEM FOR SHRIMP FARMS BY MULTI-OBJECTIVE OPTIMIZATION A. OBJECTIVE FUNCTIONS 1) LIFE CYCLE COST (LCC)
The first objective function is to minimize the life cycle cost of the proposed hybrid energy system. The life cycle cost is employed to identify the proposed systems for better management practices in terms of energy and economic performance that might provide more sustainable shrimp production. The life cycle cost comprising initial capital cost, operation and maintenance cost, replacement cost, depreciation tax benefit, salvage value of each component in the system, purchasing electricity cost, selling electricity cost, and selling hydrogen cost is expressed as:
where LCC is life cycle cost, C CAP is the capital cost, C OM indicates the operation and maintenance cost, C REP presents the replacement cost, C DTB is depreciation tax benefit, C SV is salvage value, C GP and C GS are purchasing and selling electricity costs, respectively, and C HS is the hydrogen selling cost.
The capital cost of the component is composed of purchasing and installing component.
The operation and maintenance cost is denoted by the following equation [57] :
where n refers to the n-th year of the project (year), N is the lifetime of the project (years), OM denotes the annual operation and maintenance cost, i is the interest rate (%), and tr is the tax rate (%). The replacement cost is the cost of replacing any components of the system occurring during the lifetime and is calculated as [57] :
where r is the r-th replacement with total number of replacements R during the lifetime of the project, REP refers to the investment cost of the replaced component, and l c is the lifetime of the replaced component (years).
The total number of replacements is expressed as a function of the lifetime of the replaced components by the following equation [58] :
where floor is the Matlab function rounding the number to the next smaller integer. When the salvage value is considered, the last replacement of PV units would not be implemented at the end life of the project according to (29) .
The depreciation tax benefit is the present value of the depreciation tax benefit over the financed life of the project asset and is given by the following equation [57] :
where DTB is the depreciation tax benefit, which is assumed to be straight-line according to [59] .
The salvage value is expressed as the value remaining of a component at the end of the project life and calculated as:
where SV is the salvage value, accounting for 10% of the initial cost [59] . The cost of electricity purchased from the grid over the project lifetime is computed as: (32) where T P is the number of hours during the project and c gp denotes purchasing electricity price ($/kWh). The cost of selling surplus electricity to the grid over the project lifetime is calculated by the following equation: (33) where c gs denotes selling electricity price ($/kWh). The cost of purchasing and selling electricity is equal to zero in case of stand-alone mode.
The cost of selling the by-product hydrogen to the fertilizer plants over the project life time is expressed as follow:
where m H is the mass of the hydrogen produced from water electrolysis (kg) and c hs refers to the selling price of hydrogen on the market ($/kg).
2) GREENHOUSE GAS EMISSION (EMI)
Greenhouse gas emission refers to carbon exhaust not only from diesel generator but also from power grid and is given by the following equation [60] : (35) where EMI is the total CO 2 emission of the system during the project lifetime (t-CO 2 ), e DF and e grid are the CO 2 emission factors of diesel fuel and power grid, respectively (g-CO 2 /kWh).
The second objective function is to minimize the total CO 2 emission of the system during the project lifetime. In case of autonomous operation mode, the emission from power grid is equal to zero; nevertheless, the emission from diesel generator is neglected when the microgrid is connected to the national grid.
3) DECISION VARIABLES
The optimization problem aims at selecting the optimal values of five decisional variables such as: tilt angle β t ( • ), azimuth angle γ a ( • ), PV peak capacity P PV (W p ), wind turbine rate capacity P WT (W r ), and battery bank capacity E bat (Wh). The constraints of each decision variable should be satisfied: (36) where P max PV , P max W , and E max bat are the maximum available values of PV capacity, wind turbine capacity, and battery capacity, respectively.
The maximum value of power capacity of PV system is set based on the capacity potential, which is a function of packing factor multiplied by the power per unit area of the PV module and the available area of the site [61] . The PV panels are installed above the water treatment pond, water storage pond, and the available land at the farm. Similarly, the maximum value of wind turbine capacity is set equal to the power capacity of PV system.
B. OPTIMAL CONFIGURATION OF HYBRID SYSTEM
The optimization models are developed in Matlab environment. The controlled, elitist genetic algorithm, which is a variant of NSGA-II based on Pareto-optimal solutions, belonging to multi-objective evolutionary algorithm is employed to solve the optimal configuration of the hybrid system [62] . The Pareto-optimal solutions obtained from implementing NSGA-II provided in Matlab are a set of optimal solutions, which is called Pareto front. Furthermore, NSGA-II utilizes a fast non-dominated sorting approach as well as an elitist strategy which are able to provide better spread of solutions, fast convergence towards the Paretooptimal front, and preserve the solution diversity [63] .
The computational procedure of solving nonlinear optimal configuration for hybrid system is illustrated in Fig. 3 with the main steps being explained as follows:
Step 1: Enter the main input data: location of shrimp farm, meteorological annual data (hourly solar radiation, wind speed, and temperature), technical and economic data for each component of the microgrid system, emission data from diesel fuel and power grid, biophysical data of shrimp pond, and NSGA-II parameters.
Step 2: Initialize the population according to decisional variables (tilt angle, azimuth angle, capacity of photovoltaic, wind turbine, and battery) and the number of populations.
Step 3: Calculate the energy output per hour of photovoltaic and wind turbine, the battery bank capacity, and power load demand by combining the input data and unit models of the hybrid system.
Step 4: Select system operation modes (on-grid or off-grid mode).
Step 5: Run the optimization module to find the optimal fitness value.
Step 6: Evaluate the fitness value based on the objective functions under the constraint of decisional variables.
Step 7: Repeat Step 2 until the maximum number of iterations is reached.
Step 8: Generate Pareto set which is the optimal solutions when the maximum number of iterations is achieved.
The optimization simulation is implemented with the population size of the algorithm as well as the number of generations being 200. In addition, the crossover rate and the mutation rate are considered to be 0.9 and 0.1, respectively.
V. CASE STUDY AND SIMULATION RESULTS

A. INTRODUCTION OF CASE DATA
The proposed optimal design of hybrid system for a shrimp farm is carried out at Vinh Chau, Soc Trang province (9.42 • N latitude, 106.07 • E longitude, GMT+7 time zone, and −8 m elevation) which is one of the large shrimp producers in the Mekong Delta, Vietnam. The investigated shrimp farm shown in Fig. 4 is of three grow-out ponds with each pond's area and depth being 1400 m 2 and 1.2 m, respectively. Furthermore, the shrimp farm includes one water treatment pond and one water storage pond above which most of solar panels are only assembled while the shrimp cultivation ponds are free of PV panels to stay away from negative effects.
The location of shrimp farm has been chosen for investigation thanks to abundant solar and wind energy. The meteorological data comprising the solar irradiation and wind speed at every hour in a year and their frequency distributions obtained by Monte Carlo simulation are illustrated in Fig. 5 and Fig. 6 , respectively. The average value of solar energy intensity is 4.8 kWh/m 2 per day while the average wind speed at the height of 80 m is about 7 m/s [64] , [65] .
White leg shrimps are cultivated at the farm with about three-month rearing period including nursery and grow-out phase. During these phases, the power load at the shrimp farm is mainly constituted by electrolyzer, which is utilized to provide oxygen to three grow-out ponds, at 80%, leaving water treatment system, pumping system, and lighting system at 20%.
The operation of electrolyzer depends on the total oxygen demand in the grow-out ponds having biophysical characteristics given in Table 4 . The electrolyzer runs continuously during the day in which its power consumption not only depends on the oxygen losses due to organisms in the growout ponds but also the oxygen production by photosynthesis in ponds that are shown in Fig. 7 . As a result, electrical consumption of electrolyzer varies over the day, especially high during the night time due to the decline of oxygen produced from photosynthesis.
As shown in Fig. 8 , the overall system requires more power at night. Moreover, the load profile of the entire system is constituted by a large amount of power from electrolyzer while power demand of the base load represents a small part of power load of the system.
The parameters used for techno-economic optimization of the hybrid system at the shrimp farm are indicated in Table 5 . 
B. SCENARIOS FOR SIMULATION
Three scenarios are carried out in off-grid mode simulation and optimization as illustrated in Table 6 . Scenario S1 considers the combination of PV and battery bank with diesel generator serving as backup power supply. Scenario S2, which is the integration of wind turbine, battery, and diesel generator, is analyzed at the investigated shrimp farm. The hybrid system including PV, wind turbines, and battery with the support of back-up power from diesel generator is optimized to cover the electrical power demand of the shrimp farm in scenario S3. The best configuration of the components in the system in one of the concerned scenarios is implemented in on-grid operation mode in which the national grid replaces not only battery bank but also the diesel generator as backup power supply for the hybrid system. In addition, in gridconnected mode the surplus power from the system is sold to the national grid according to FIT policy. 
C. STAND-ALONE OPTIMIZATION 1) SCENARIO OF PV-BATTERY-DIESEL GENERATOR SYSTEM (S1)
The Pareto front of the optimization problem between LCC and EMI is illustrated in Fig. 9 for the system including PV panels, battery bank, and diesel generator.
It can be seen from Fig. 9 that when the LCC of the system is lower than 6.5 million USD, the amount of CO 2 emission is significant high with the level being more than 160 tCO 2 . The emission of CO 2 declines dramatically with the increment of LCC from 6.5 million USD to 8.5 million USD. Afterwards, the amount of emission decreases slightly with the increase of the LCC, reaching 97.59 tCO 2 with the maximum value of LCC at about 8.84 million USD. Furthermore, the process of optimization simulation for scenario S1 is clarified specifically by dissecting the relationship between PV and battery with CO 2 emission, as presented in Fig. 10 . Although the PV peak capacity reaches the maximum available values (880 kW p ), the amount of CO 2 released from the system is significantly high due to the operation of diesel generator to satisfy the power shortage. The CO 2 emission of the system decreases with the increase in battery capacity which results in the decline in back-up power from diesel generator. In addition, when the battery capacity rises beyond 8.5 MWh, the PV capacity starts decreasing to limit further increase in battery capacity.
2) SCENARIO OF WIND-BATTERY-DIESEL GENERATOR SYSTEM (S2)
It can be seen from the Pareto front of scenario S2 illustrated in Fig. 11 that the increase in system cost leads to a considerable decline in CO 2 emission, reaching the minimum value at 2353 tCO 2 with the cost of the system at 45.55 million USD. As shown in Fig. 12 , the value of CO 2 emission of the system remains substantially high although the wind turbines reach the maximum rated capacity. The high level of gas exhaust in this situation is caused by diesel generator to meet the power deficit of the system. The amount of emission decreases by increasing the capacity of battery bank; however, when it goes up beyond 9 MWh, the wind turbine capacity reduces to mitigate its further increment. The hybrid energy system in scenario S2 is of substantially high LCC as well as EMI due to the moderate wind speed (Fig. 6 ) at the investigated shrimp farm in which wind turbines could not produce efficient power for the system; therefore, the system requires more capacity of battery for storage and power deficit from diesel engine.
3) SCENARIO S3 OF PV-WIND-BATTERY-DIESEL GENERATOR SYSTEM
Scenario 3 combing the power resources between PV power and wind power with the support of battery storage and diesel generator is of the similar trend to scenario S1 and S2. As it can be seen in Fig. 13 , the increase in the system cost results in decline in the greenhouse gas emission that reaches the minimum value at 3.128 tCO 2 with the maximum system cost about 8.02 million USD. In comparison with scenario S1 and S2, the values of minimal LCC and EMI in scenario S3 are the lowest, as illustrated in Table 7 since the combination between PV and wind power could not only satisfy the power load, but also lead to the decrease in battery capacity and power requirement from diesel generator, resulting in the decrease in the overall capital cost of the system and CO 2 emission. In off-grid operation modes, the minimum value of system cost of S3 is the lowest, about 3.55 million USD. In contrast, the LCC of S2 is the highest, which is about seven times higher than that of S1 (42.1 million USD and 6.28 million USD, respectively). Regarding the emission of the system corresponding to LCC min , scenario S2 releases the highest amount of carbon dioxide, at about 2,488 tCO 2 , which is much higher than S1 (197 tCO 2 ). Scenarios S3 is of the lowest level of emission at 33.34 tCO 2 .
Amongst three scenarios implemented for optimization simulation in autonomous operation mode of the system, scenario S3 is considered the best configuration for the investigated shrimp farm, integrated by between PV arrays and wind turbines with the support of battery and diesel generator. The integration of components in scenario S3 could power the system satisfactorily with the lowest gas exhaust and the most competitive life cycle cost. Hence, the configuration of wind and solar resources is chosen for optimization simulation in grid-connected mode. 
D. ON-GRID OPTIMIZATION SIMULATION
The Pareto front simulated in grid-connected mode in which the backup system is totally provided by the national network instead of battery storage and diesel generator is presented in Fig. 14. It can be seen that the LCC and EMI are of inversely proportional relationship, which is similar to scenarios simulated in off-grid mode. Nonetheless, the LCC has negative values, which mean that the system could produce revenues by selling not only by-product hydrogen but also the surplus electricity to the national grid. Table 8 gives a comparison amongst off-grid mode, ongrid mode, and mechanical aeration system powered by the national grid. As shown in Table 8 , at the end of the project life time, the on-grid system could procure the minimum profit about 1.584 million USD from selling hydrogen as well as the surplus energy. The LCC of scenario S3 is about three times higher than that of the mechanical aeration system (3.556 million USD and 1.199 million USD, respectively). Moreover, the off-grid system could only produce revenues from selling hydrogen whereas the surplus energy is stored in battery bank to supply the power for the system any time when renewable energy is not available. In addition, the initial investment of battery is not only costly, but it has to be replaced one time over the lifetime period according to Table 5 , leading to additional rise in the overall capital cost of the system.
Besides, when the greenhouse gas emission is considered, the autonomous system S3 releases the lowest amount of CO 2 , at 33.34 tCO2, which is considerably lower than on-grid mode and mechanical aeration system, with the former having a somewhat lower level than the latter (8,317 tCO 2 and 8,989 tCO 2 , respectively) since the advanced aeration system consumes significantly high power at night. Moreover, the potential carbon tax of scenario S3 and on-grid mode compared to the mechanical aeration system is 263 USD/tCO 2 and −4141 USD/tCO 2 , respectively. In other words, the most expensive technology to reduce CO 2 emission relative to mechanical aeration system is scenario S3 including the integration of PV and wind power with the support of battery and diesel generator whereas on-grid operation mode is the cheap way to reduce CO 2 emission, which is an economical solution for shrimp production context in Vietnam. Obviously, the hybrid system connected to the national grid is a good investment to power the shrimp farm at the investigated site, especially for large-scale shrimp producers.
VI. CONCLUSION
Prioritizing the development of high technology with low carbon emissions, energy-saving, and sustainability is being encouraged in aquaculture in Vietnam, especially shrimp industry. Hence, this paper has proposed an optimal design on sustainable energy system for shrimp farms in the Mekong Delta. The simulation and optimization models have been developed in Matlab environment to evaluate different scenarios in off-grid and on-grid operation modes in terms of technical, economical, and environmental points of view. Besides, a comparison between advanced aeration system and mechanical aeration system was presented. The optimal results show that the integration between PV arrays and wind turbines with the support of battery and diesel generator is the best configuration in islanded mode in which the investigated shrimp farm could be energy self-sufficient with the lowest environmental impact. In contrast, the grid-connected system not only produces the income, but also is of low CO 2 emission when the project is over, saving about 672 tCO 2 emission compared to conventional aeration system. The mechanical aeration system is the worst case when green economy development for shrimp farms is considered. After an elaborate study is carried out towards shrimp farm context, the recommendation is that the advanced aeration system, which uses the electrolyzer powered by renewable energy with the support of national grid to produce onsite pure oxygen according to the changes of dissolved oxygen level in shrimp ponds, is the best configuration. This system could achieve the economical, environmental, and sustainable targets in which the Vietnamese government has declared its intention to encourage green energy development. Last but not least, the results of the paper can guide the structural and optimal design for shrimp farms not only in Vietnam but also around the world.
